cell line-derived neurotrophic factor protects against high-fat diet-induced obesity. Obesity is a growing epidemic with limited effective treatments. The neurotrophic factor glial cell line-derived neurotrophic factor (GDNF) was recently shown to enhance ␤-cell mass and improve glucose control in rodents. Its role in obesity is, however, not well characterized. In this study, we investigated the ability of GDNF to protect against high-fat diet (HFD)-induced obesity. GDNF transgenic (Tg) mice that overexpress GDNF under the control of the glial fibrillary acidic protein promoter and wild-type (WT) littermates were maintained on a HFD or regular rodent diet for 11 wk, and weight gain, energy expenditure, and insulin sensitivity were monitored. Differentiated mouse brown adipocytes and 3T3-L1 white adipocytes were used to study the effects of GDNF in vitro. Tg mice resisted the HFD-induced weight gain, insulin resistance, dyslipidemia, hyperleptinemia, and hepatic steatosis seen in WT mice despite similar food intake and activity levels. They exhibited significantly (P Ͻ 0.001) higher energy expenditure than WT mice and increased expression in skeletal muscle and brown adipose tissue of peroxisome proliferator activated receptor-␣ and ␤ 1and ␤3-adrenergic receptor genes, which are associated with increased lipolysis and enhanced lipid ␤-oxidation. In vitro, GDNF enhanced ␤-adrenergic-mediated cAMP release in brown adipocytes and suppressed lipid accumulation in differentiated 3T3L-1 cells through a p38MAPK signaling pathway. Our studies demonstrate a novel role for GDNF in the regulation of high-fat diet-induced obesity through increased energy expenditure. They show that GDNF and its receptor agonists may be potential targets for the treatment or prevention of obesity.
hepatic steatosis; energy expenditure; ␤-adrenergic signaling; betaoxidation; neurotrophic ENERGY HOMEOSTASIS IS A TIGHTLY regulated process that relies on a complex network of signals acting on the gut, brain, liver, skeletal muscles, and adipose tissue to regulate food intake and energy expenditure (23, 24) . Disruption of this homeostatic balance due to excessive caloric intake or reduced energy expenditure can lead to obesity, which together with the associated metabolic syndrome is a major health problem and a significant cause of morbidity and mortality worldwide (11, 15, 17) .
Glial cell line-derived neurotrophic factor (GDNF) belongs to the GDNF family of neurotrophic factors that share similarities with transforming growth factor-␤. It signals through a multicomponent receptor consisting of the Ret receptor that it shares with other GDNF family members, and a specific coreceptor, GDNF family receptor ␣ 1 (GFR␣1), to activate the PI3K/Akt and MAPK signaling pathways (2) . GDNF is required for enteric neuron development as well as the survival of enteric, midbrain catecholaminergic, motor, sensory, sympathetic, and parasympathetic neurons (22, 25, 27) . GDNF and its receptors are expressed abundantly in tissues including the hypothalamus that are critical in energy homeostasis (27) . Recent studies have shown that chronic hypothalamic or nigrostriatal expression of GDNF in rodents and primates can induce weight loss in animals with age-related obesity and prevent weight gain in young animals (20, 21, 38) . There are, however, no reports on the efficacy of GDNF in preventing diet-induced obesity and the associated metabolic syndrome. We previously reported on a transgenic (Tg) mouse with glial fibrillary acidic protein promoter-driven GDNF overexpression that has a larger ␤-cell mass and improved glucose control than WT littermates (26) . In this study we used this Tg mouse to study the effects of GDNF on weight gain and insulin sensitivity induced by a high-fat diet. We demonstrate a novel role for GDNF in the protection against diet-induced obesity through enhanced energy expenditure and increased expression of genes that promote lipolysis and energy expenditure in brown adipose tissue (BAT), white adipose tissue (WAT), and skeletal muscle.
METHODS

Animals.
Animal studies were conducted with GDNF Tg mice (on a CF-1 background) and CF-1 wild-type (WT) littermates. The generation of the Tg mice has been previously described (41) . The mice were used at 5-6 wk of age. All animal studies were approved by the Atlanta Veterans Affairs Medical Center Institutional Animal Care and Use Committee. The mice were maintained on a regular laboratory rodent diet (RD) (2018SX; Teklad Global 18% Protein Extruded Rodent Diet, Harlan Laboratories, Madison, WI) containing 6.2% fat by weight or a high-fat diet (HFD) (TD.06414, Harlan) containing 34.3% fat by weight. The mice were maintained on a 12-h light-dark cycle in a temperature-controlled barrier facility with free access to food and water. The composition of the diets is shown in Table 1 . Pair feeding was performed as previously described (33) .
Glucose and insulin tolerance tests. Glucose tolerance testing was performed 10 wk after the start of the study. Following an overnight fast, the mice were injected intraperitoneally with glucose (3 g/kg body wt) in sterile PBS. Blood glucose levels were measured with an Accu-Check Advantage blood glucose meter (Roche, Mannheim, Germany) using tail blood. For insulin tolerance testing, the mice were fasted for 6 h before being given an intraperitoneal injection of 1 U/kg human rapid insulin (Eli Lilly, Indianapolis, IN).
Cell culture. Brown adipocytes were a gift from Dr. Yu-Hua Tseng (Joslin Diabetes Center, Harvard Medical School, Boston, MA), and were maintained as previously described (37) . Differentiation of brown adipocytes was induced by culturing confluent cells in medium supplemented with 20 nM insulin (Sigma Aldrich, St. Louis, MO), 1 nM triiodothyronine (T3) (Sigma), 0.5 mM isobutylmethylxanthine (IBMX) (Sigma Aldrich), 5 M dexamethasone (Sigma Aldrich), and 0.125 mM indomethacin (Sigma Aldrich). After culture for 48 h in this medium, the cells were transferred back to the culture medium supplemented with insulin and T3. The medium was changed every 2 days. The 3T3-L1 cell line (14) was purchased from American Type Culture Collection (ATCC, Manassas, VA) and cultured in Dulbecco's modified Eagle's medium (ATCC) according to recommended procedure. Recombinant rat GDNF used in this study was produced as previously described (9) . The p38 MAPK inhibitor SB 203580 (Sigma-Aldrich) was used at a final concentration of 10 M. Transfection of cells was performed according to recommended procedure using custom control and Ret Stealth Select RNAi siRNA (MSS208607, Invitrogen Life Technologies, Grand Island, NY) and Lipofectamine RNAiMax (Invitrogen). Cyclic AMP release was assessed in differ- Mice liver and adipose tissues were frozen in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), and sections (5 m thick) were made by using a common protocol. Oil Red O and hematoxylin and eosin staining were performed as previously described (37) .
Immunohistochemistry. Paraffin sections of human and mouse white adipose tissue were blocked in PBS containing 3% BSA and 0.02% Triton X-100 and then incubated with human c-Ret (R787), GDNF (D-20), GFR␣1 (H-70), and S-100␤ (BD Pharmingen, San Diego, CA) antibodies (1:200) overnight at 4°C. Secondary detection was performed by incubation with Anti-Rb IgG (1:500) conjugated to Alexa Fluor 488 and 594 antibodies (Molecular Probes, Eugene, OR).
Serum chemistry and liver triglycerides analyses. Blood was collected into serum separator tubes (BD, Franklin Lakes, NJ) and serum separated by centrifugation at 3,000 g for 15 min at room temperature. Serum cholesterol and triglyceride levels were analyzed on a Beckman Coulter AU 480 Chemistry Analyzer equipped with Beckman Coulter cholesterol and triglyceride system reagents (Beckman Coulter, Brea, CA). Serum leptin levels were determined by use of a mouse leptin ELISA kit (Millipore, St. Charles, MO). Liver triglyceride levels were measured with the Biovision Triglyceride Assay kit (Biovision, Mountain View, CA).
Metabolic measurements. Metabolic and activity measurements were performed by using the Oxymax Comprehensive Lab Animal Monitoring System equipped with an Opto-M3 Activity Monitor (Columbus Instruments, Columbus, OH) (37) . Mice were individually housed in the chamber with a 12-h light:12-h dark cycle in an ambient temperature of 22-24°C. The mice were acclimated to the instrument for at least 12 h before measuring metabolic performance.
Western blotting. Western blotting was performed as previously described (25) by using rabbit antibodies to phospho-Akt (Ser473), phospho p38 MAP kinase (Thr180/Tyr182), GAPDH (D16H11), and Cox IV from Cell Signaling Technologies (Danvers, MA); human c-Ret (R787) from Immuno-Biological Laboratories (Takasaki-shi, Gunma, Japan); and GDNF (D-20) and GFR␣1 (H-70) from Santa Cruz Biotechnology (Santa Cruz, CA) diluted 1:1,000. Mouse monoclonal antibody to ␤-actin (A5441, clone AC-15) from Sigma-Aldrich was diluted 1:5,000. Horseradish peroxidase-conjugated anti-mouse and anti-rabbit IgG (Cell Signaling Technologies) secondary antibodies were used at 1:2,000 dilution. A semiquantitative measurement of 
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EFFECT OF GDNF ON OBESITY band density was performed by using Scion Image for Windows software. PCR. Total RNA was isolated using the RNeasy Lipid Tissue and RNeasy Mini kits (Qiagen, Hilden, Germany) and first-strand cDNA synthesized with SuperScript VILO (Invitrogen, Carlsbad, CA). Realtime PCR reactions were set up by using FastStart Universal SYBR Green Master Mix (Roche Applied Science, Mannheim, Germany) and thermal cycling performed on a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA). The sequences of the oligonucleotide primers used are presented in Table 2 . All primers were designed such that at least one primer in each pair spanned an intron to prevent it from priming on genomic DNA. The inability of these primers to amplify genomic DNA was confirmed by PCR. GAPDH was used as an endogenous control.
Statistical analysis. Linear regression, one-way ANOVA, t-test, and area under the curve (AUC) analyses were performed by use of GraphPad Prism version 3.00 for Windows (GraphPad Software, San Diego, CA).
RESULTS
GDNF Tg mice are protected against high-fat diet-induced obesity.
The Tg mice used in this study have previously been shown to overexpress GDNF in glial cells throughout the central and enteric nervous systems (39, 41) . We examined whether GDNF was also overexpressed in other tissues involved in the control of energy metabolism in these mice. We found GDNF to also be overexpressed in the WAT, the BAT and liver, but not skeletal muscle ( Fig. 1 , A-D). We also determined whether the expressed GDNF was released into the circulation and did not observe any detectable levels in the serum (data not shown). We examined the cellular location of GDNF expression in human and mouse WAT and found GDNF expression to be limited mainly to glial cells (Fig. 1C ). We also analyzed the expression of the receptors for GDNF and found the GFR␣1 and Ret receptors to be expressed in all the tissues in which GDNF was expressed ( Fig. 1, E-G) .
To investigate the effects of GDNF overexpression on dietinduced obesity, Tg mice and WT littermates were maintained on a RD or a HFD and body weights were monitored weekly. WT mice maintained on the HFD gained weight faster than WT mice maintained on the RD ( Fig. 2A) . As a result, although WT maintained on the RD gained only 30.5 Ϯ 2.8% more weight over an 11 wk period, WT mice maintained on the HFD gained 80.3 Ϯ 4.8% more weight over the same period. In contrast, Tg mice maintained on the HFD had a weight gain of 42.1 Ϯ 9.4% over the same period, which was not different from the weight gain by Tg mice maintained on the RD (33.6 Ϯ 3.9%). Linear regression analyses of body weight gain curves showed no significant differences between the Tg groups and WT mice maintained on the RD (Fig. 2B ). Consistent with their low weight gains, Tg mice maintained on the HFD, as well as Tg and WT mice maintained on the RD, had significantly (P Ͻ 0.001) less fat mass and smaller retroperitoneal WAT adipocytes than WT mice maintained on the HFD (Fig. 2 , C-E). They also had lower serum leptin, triglycerides, and cholesterol levels than WT mice maintained on the HFD (Fig. 2, F and G) . Both groups of mice maintained on the HFD, however, had similar higher serum HDL, LDL, and nonesterified fatty acid levels than the control groups ( Fig. 2G ). Similar to Tg and WT mice maintained on the RD, Tg mice maintained on the HFD also had lower expression in the WAT of obesityassociated genes, including the leptin, peroxisome proliferator activated receptor-␥ (PPAR␥) and CD36 (fatty acid translocase) genes, than WT mice maintained on the HFD (Fig. 2H) .
GDNF Tg mice are protected against high-fat diet-induced hepatic steatosis. Tg mice maintained on the HFD had liver that weighed less, although WT mice maintained on the HFD had liver that weighed more, than liver from mice from the other groups (Fig. 3A) . Tg mice maintained on the HFD also had low serum alanine aminotransferase (ALT) levels similar to WT and Tg mice maintained on the RD (Fig. 3B) . In contrast, WT mice maintained on the HFD had significantly (P Ͻ 0.001) elevated serum ALT levels suggestive of hepatic steatosis (Fig. 3B ). Hematoxylin and eosin staining revealed extensive hepatocyte ballooning in liver from WT mice maintained on the HFD and little to no ballooning in liver from mice from the other groups (Fig. 3C ). Oil Red O staining of liver sections revealed very little triglyceride deposition in liver from both groups of Tg mice and WT mice maintained on the RD, but extensive triglyceride deposition in liver from WT mice maintained on the HFD (Fig. 3D ). Assessment of total liver triglyceride levels showed that Tg mice maintained on the HFD had slightly (P Ͻ 0.05) higher levels than Tg mice maintained on the RD, but significantly lower levels than both groups of WT mice (Fig. 3E ). WT mice maintained on the HFD, on the other hand, had significantly higher triglyceride levels than mice from the other groups (Fig. 3E) . GDNF Tg mice resist high-fat diet-induced glucose intolerance and insulin resistance. Obesity is frequently associated with insulin resistance, which is characterized by high fasting blood glucose levels, glucose intolerance, and reduced insulin sensitivity. To examine whether Tg mice were protected against HFD-induced insulin resistance we performed glucose tolerance and insulin sensitivity tests in overnight-fasted mice 10 wk after the start of the diets. Consistent with our previous observations (26) , Tg mice maintained on the RD had significantly (P Ͻ 0.001) lower baseline fasting blood glucose levels than WT littermates maintained on the RD (Tg RD, 4.33 Ϯ 0.26 mmol/l; WT RD, 6.65 Ϯ 0.32 mmol/l) ( Fig. 4A ). Tg mice maintained on the HFD, on the other hand, had baseline fasting blood glucose levels that were slightly higher than those of Tg mice maintained on the RD, but similar to those of WT mice maintained on the RD (Fig. 4A ). In contrast, WT mice maintained on the HFD had significantly higher baseline fasting blood glucose levels than mice from the other groups (Fig. 4A ). Tg mice maintained on the HFD had glucose AUCs that were not significantly different from those of Tg and WT mice maintained on the RD, although WT mice maintained on the HFD had AUCs that were significantly (P Ͻ 0.01) higher than those of mice from the other groups following glucose tolerance testing (Fig. 4, B and C) . We also assessed the levels of expression in the epididymal WAT of the solute carrier family 2 (facilitated glucose transporter) member 4 (GLUT4) gene. These analyses revealed similar higher expression of this gene in the WAT in both groups of Tg mice, but significantly (P Ͻ 0.001) reduced expression in the WT mice maintained on the HFD (Fig. 4D) .
GDNF Tg mice have increased energy expenditure. We compared food consumption between the two groups of mice fed the HFD to rule out any role for differences in appetite in the observed differences in weight gain. Although the WT mice daily consumed significantly (P Ͻ 0.001) more food than Tg mice, when food consumption was adjusted to body weights, no significant differences were observed between the two groups (Fig. 5A) . Moreover, in pair-feeding experiments conducted over a 4-wk period, WT mice gained significantly (P Ͻ 0.01) more weight (24.41 Ϯ 3.875%) than Tg mice even after daily consuming the same amount of food consumed by Tg mice (Fig. 5B ). Energy expenditure was also monitored with a comprehensive laboratory animal monitoring system to further tease out the possible factors contributing to the observed differences in weight gain. Mice from the two Tg group had significantly (P Ͻ 0.001) higher energy expenditure than mice from the WT groups, although WT mice maintained on the HFD had significantly (P Ͻ 0.001) lower energy expenditure than mice from all the other groups (Fig. 5C ). This was despite the fact that mice from all the groups had similar ambulatory activities (Fig. 5D ).
A B
Glucose tolerance test (GTT) 
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EFFECT OF GDNF ON OBESITY GDNF enhances the expression of genes associated with increased lipolysis and lipid ␤-oxidation. To determine the transcriptional pathways associated with the higher energy expenditure seen in Tg mice, we compared expression levels in the BAT, skeletal muscle, and the WAT of genes associated with increased energy expenditure. The expression of the cytochrome c, somatic (Cycs) gene in the BAT was significantly (P Ͻ 0.001) reduced in WT mice maintained on the HFD, but increased in Tg mice maintained on the HFD (Fig.  5E ). The expression in the BAT of the uncoupling protein 1 (UCP1) and the PRD1-BF-1-RIZ1 homologous domain containing protein-16 (PRDM16) genes was also significantly (P Ͻ 0.05) reduced in WT mice maintained on the HFD, but unchanged in Tg mice maintained on the HFD (Fig. 5E ). The expression of the peroxisome proliferator activated receptor-␣ (PPAR␣) gene in skeletal muscle from both groups of Tg was more than double that seen in muscle from both groups of WT mice (Fig. 5F ). The expression of PPAR␣ gene in WAT was also significantly (P Ͻ 0.05) enhanced in Tg mice maintained on the HFD, but unchanged in WT mice maintained on the HFD (Fig. 5F ). In addition, the expression in the WAT of the PPAR␥ coactivator-1␣ (PGC-1␣) and sirtuin1 (SIRT1) genes was significantly reduced in WT mice maintained on the HFD, but unchanged in Tg mice maintained on the HFD (Fig. 5G) .
The influence of GDNF on ␤-adrenergic signaling was also investigated. The expression in the BAT of the ␤ 1 -and ␤ 3adrenergic receptor (Adrb1 and Adrb3, respectively) genes was significantly increased in Tg mice maintained on the HFD, but decreased in WT mice maintained on the HFD (Fig. 5H ). In addition, the expression in the WAT of these genes was also significantly decreased in WT mice maintained on the HFD, but unchanged in Tg mice (Fig. 5I) .
GDNF suppresses the accumulation of triglycerides in 3T3-L1 adipocytes. The effects of GDNF on triglyceride accumulation was also studied by use of 3T3-L1 adipocytes. 3T3-L1 cells express the Ret and GFR␣1 receptors (Fig. 6A) . 3T3-L1 cells differentiated for 7 days in medium supplemented with GDNF showed lower triglyceride accumulation than cells differentiated in medium without GDNF (Fig. 6B ). This inhibitory effect of GDNF on triglyceride accumulation was, how- A: daily food consumption and food consumption adjusted to body weight for Tg and WT mice fed the HFD ad libitum. B: plot of weight gains for Tg and WT mice pair-fed a HFD for 4 wk. C and D: energy expenditure (C) and ambulatory activity (D) for WT and Tg mice maintained on the RD or HFD for 10 wk. Analysis by real-time PCR of gene expression in BAT (E), skeletal muscle and WAT (F), and WAT (G) from Tg and WT mice maintained on the RD or HFD for 11 wk. Analyses of ␤1 (Adrb1)-and ␤3 (Adrb3)-adrenergic receptor gene expression in BAT (H) and epididymal WAT (I) from Tg and WT mice maintained on the RD or HFD for 11 wk. Plotted are means ϩ SE. *P Ͻ 0.5; ***P Ͻ 0.001, relative to WT mice maintained on the RD. †P Ͻ 0.05; ‡P Ͻ 0.01; §P Ͻ 0.001, relative to Tg mice maintained on the HFD; n ϭ 5-7 mice per group. ever, reversed when RET receptor expression was knocked down by use of a mouse RET siRNA (Fig. 6C) . The efficacy of Ret receptor knockdown was confirmed by comparing Akt phosphorylation, which showed up to 35% reduction in Ret siRNA-transfected cells (Fig. 6C) . The effect of GDNF on p38 mitogen-activated protein kinase (p38 MAPK) phosphorylation was assessed to determine whether the p38 MAPK signaling pathway plays any role in GDNF-mediated suppression of triglyceride accumulation. 3T3-L1 cells stimulated with GDNF had significantly (P Ͻ 0.01) higher phospho-p38 MAPK levels than non-GDNF-stimulated cells (Fig. 6D) . The ability of GDNF to suppress triglyceride accumulation was then assessed in 3T3-L1 cells treated with the MAPK-specific inhibitor SB 203580. Analysis by Oil Red O staining showed reversal of GDNF's ability to suppress triglyceride accumulation (Fig. 6E) . The effect of GDNF on the expression of lipogenic genes was also assessed. 3T3-L1 cells cultured in the presence of GDNF showed a dose-dependent decrease in the expression of PPAR␥, FASN, sterol regulatory element binding transcription factor 1 (Srebf1), and fatty acid-binding protein (FABP4) genes and an increase in PGC-1␣ gene expression ( Fig. 6, F and G) .
GDNF enhances ␤-adrenergic receptor expression and signaling in brown adipocytes. The effects of GDNF were also studied in isolated brown adipocytes cultured in medium supplemented with or without GDNF. GDNF enhanced the expression of the Adrb1 and Adrb3 genes as well as the brown adipocytes cell marker PRDM16 (Fig. 6H ). In addition, GDNF enhanced isoproterenol-induced cAMP release in brown adipocytes ( Fig. 6I ).
DISCUSSION
Our study highlights an important role for GDNF in protecting against diet-induced obesity. Diet-induced obesity is the most prevalent form of obesity seen in adolescents and adults today. Using an in vivo model in which GDNF expression is increased in tissues involved in regulating energy metabolism we have demonstrated that GDNF can protect against HFDinduced weight gain by inducing increased energy expenditure. Our studies have shown that Tg mice when maintained on a HFD resist weight gain and the consequent development of visceral fat, hepatic steatosis, and dyslipidemia. Consistent with the reduced central adiposity, Tg mice maintained on a HFD do not exhibit the increased expression in WAT of genes associated with increased obesity including leptin, PPAR␥, and CD36 (3, 13, 18, 28) seen in WT mice maintained on the HFD. Our studies have also shown that Tg mice are protected against the manifestations of metabolic syndrome including insulin resistance. Tg mice maintained on the HFD resisted HFDinduced insulin resistance and exhibited increased expression of the GLUT4 gene. Elevated expression of this gene in the WAT is associated with improved insulin sensitivity whereas its downregulation has been suggested to contribute to the development of insulin resistance in obese and Type 2 diabetes patients (1, 32) . Thus GDNF was able to induce insulin sensitization without the weight gain seen with insulin sensitizers such as the thiazolidinediones.
GDNF and its receptors are expressed in areas of the hypothalamus in rodents that are known to regulate food intake and energy expenditure (31, 36) . Tg mice used in this study were shown in a previous study to overexpress GDNF in the hypothalamus (41) . However, in our study, GDNF overexpression resulted in increased energy expenditure without the associated loss of appetite reported in previous studies with GDNF and other neurotrophic factors (20, 38, 40) . Nevertheless, GDNF is known to be a survival factor for brain cat-echolaminergic neurons and sympathetic neurons (27) . The sympathetic nervous system is a critical player in the regulation of energy metabolism and is a target of inhibition in many models of obesity leading to reduced mobilization of triglycerides for ␤-oxidation in the adipose tissue (7) . Signals emanating from the sympathetic nervous system are mediated through ␤-adrenergic receptors including ␤ 1 -and ␤ 3 -adrenergic receptors, which are highly expressed on brown and white adipocytes (5, 34) . Stimulation of these receptors by catecholamine-binding results in increased cAMP levels and the activation of protein kinase A and its downstream target hormone-sensitive lipase leading to increased lipolysis and expression of genes such as PPAR␣, and PGC-1␣, and Sirt1 that promote fatty acid oxidation and energy release (6, 10, 12, 19, 29, 30) . Loss or reduced expression of these receptors or their downstream targets can contribute to diet-induced obesity (4, 8, 16, 35) . In our study, we observed increased expression in the BAT of the genes coding for the ␤ 1 -and ␤ 3 -adrenergic receptors in Tg mice maintained on the HFD, but significantly reduced expression in WT mice maintained on the HFD. The expression of these genes in the WAT was also significantly reduced in WT mice maintained on the HFD, but unchanged in Tg mice maintained on the HFD. We also observed increased expression of the genes coding for these receptors in brown adipocytes cultured in the presence of GDNF. In addition, Tg mice maintained on the HFD had higher expression of the PPAR␣ gene in skeletal muscle and WAT. They also had Fig. 7 . Potential mechanism of GDNF regulation of adiposity. White and brown adipocytes originate from different precursors. Differentiation of precursors committed to the white lineage is driven by a cascade of interactions involving several proteins including those encoded by the CCAAT/ enhancer-binding proteins ␤ (C/EBP␤), peroxisome proliferator-activated receptor-␥ (PPAR␥), C/EBP␣, and sterol regulatory element binding transcription factor 1 (Srebf1) genes. Differentiation of committed brown preadipocytes on the other hand involves interactions between proteins encoded by the bone morphogenetic protein 7 (BMP7), PR domain-containing 16 (PRDM16), PPAR␥, and C/EBP␤. Increased GDNF levels during white preadipocyte differentiation suppresses the expression of factors including PPAR␥, fatty acid translocase (CD36), fatty acid synthase (FASN), and fatty acid binding protein 4 (FABP4), resulting in inhibition of adipose tissue expansion and lipid accumulation. Increased GDNF levels during brown preadipocyte differentiation on the other hand increase PRDM16 and ␤1and ␤2-adrenergic receptor gene expression, which enhances brown adipose tissue formation. Enhanced GDNF expression during high-fat diet feeding induces increased ␤-adrenergic signaling in both white and brown adipose tissue, resulting in increased lipolysis and lipid ␤-oxidation. Arrows on the side of each gene pointing upward and downward indicate genes whose expression we have observed to be, respectively, increased or reduced.
higher expression of the Cycs and PGC-1␣ and Sirt1 genes, respectively, in the BAT and WAT than WT mice maintained on the HFD. GDNF also stimulated lipolysis in vitro in brown and white adipocytes through ␤-adrenergic-mediated signaling. Our study thus unveils a mechanism through which GDNF is able to enhance ␤-adrenergic signaling to induce lipolysis and lipid ␤-oxidation to protect against HFD-induced obesity.
On the basis of our data we therefore believe that the mechanism of GDNF regulation of obesity involves both peripheral and central mechanisms. Our findings suggest that GDNF promotes enhanced energy expenditure in brown fat by increasing brown adipocyte differentiation as and function evidenced by increased expression of the genes coding for PRDM16, CycS, and the ␤ 1 -and ␤ 3 -adrenergic receptors in vitro and in vivo and the ability of GDNF to stimulate increased cAMP release in brown adipocytes. In WAT there is increased expression of PPAR␣ and PGC1-␣, both genes known to increase mitochondrial ␤-oxidation and subsequent energy expenditure. Similarly, in skeletal muscle there is also increased expression of PPAR␣ in the Tg mice. GDNF also reduced fat accumulation in WAT by reducing the gene expression of gene involved in adipogenesis such as PPAR␥ and fatty acid transport such as CD36 and FABP4. In vitro GDNF is able to suppress the genes related to fatty acid synthesis including Srebf1, PPAR-␥, FABP4, and FASN. As summarized in Fig. 7 , we believe that GDNF is able to modulate both preadipocyte differentiation and mature adipocyte function to resist HFD-induced obesity in mice.
Our observations that GDNF protects against HFD-induced weight gain without impairing normal animal activity therefore suggest that GDNF or its receptor agonists may be useful for the treatment of obesity. Future studies are needed with adipocyte-specific knockout of GDNF receptors to further understand the mechanism of GDNF regulation of adipocyte energy utilization and lipid accumulation. Further studies involving knockdown of specific signaling targets such as PPAR-␥ and PPAR-␣ and ␤-adrenergic receptors will help delineate the mechanism of GDNF regulation of adipocyte energy utilization and lipid accumulation. The pleiotropic beneficial effects of GDNF on skeletal muscle and adipose tissue make it a unique therapeutic target for the treatment or prevention of obesity.
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